We conducted a matched case-control study to examine the association between heavy precipitation events and waterborne outbreaks (WBOs) by linking epidemiological registries and meteorological data between 1992 and 2012 in four Nordic countries. Heavy precipitation events were defined by above average (exceedance) daily rainfall during the preceding weeks using local references. We performed conditional logistic regression using the four previous years as the controls. Among WBOs with known onset date (n ¼ 89), exceedance rainfall on two or more days was associated with occurrence of outbreak, OR ¼ 3.06 (95% CI 1.38-6.78), compared to zero exceedance days. Stratified analyses revealed a significant association with single household water supplies, ground water as source and for outbreaks occurring during spring and summer. These findings were reproduced in analyses including all WBOs with known outbreak month (n ¼ 186). The vulnerability of single households to WBOs associated with heavy precipitation events should be communicated to homeowners and implemented into future policy planning to reduce the risk of waterborne illness.
all relevant authorities involved in the outbreak investigations. A detailed overview of the characteristics of these outbreaks and how the information was gathered was published previously (Guzman-Herrador et al. ).
We used the following variables in the analyses: country and municipality of infection; date of symptom onset of the index case (day, month, and year); water source (surface water, groundwater, unknown/other); type of water supply according to the ownership of the utility (municipal/private waterworks, single household, unknown/other); season (winter, spring, summer, autumn) .
Precipitation
Daily data on precipitation (amount in mm) from the municipalities with notified WBOs were provided by the national meteorological institutes in the four countries from January 1988 to December 2012. In Norway and Denmark, we used data from the most central weather station in each municipality. In Sweden and Finland, due to missing weather station data over extended periods and regions, we used gridded precipitation data.
Data analyses
The association between heavy precipitation and WBO was tested using conditional logistic regression based on a 1:4 matched case-control design. The local precipitation during the time period preceding each outbreak (cases) was compared to that of the four previous years, which served as the control period. The associations were summarized with odds ratios (ORs) and 95% confidence intervals (95% CIs).
We defined the WBO onset time as the notified date of symptom onset in the index cases. For outbreaks where only information about the month of occurrence was available, we set the onset date to the 15th of the month of occurrence.
Outbreaks where either onset month or municipality was missing were excluded from the analyses.
In a few cases, precipitation data were partly missing in the control period. We replaced the affected control years with data from the preceding years, e.g., by extending the period to five to six years before the WBO. Alternatively, if the WBO took place early in the study period where this procedure was not possible, we selected control years forward in time. Likewise, if another WBO had occurred during the control period at the same location, this particular year was excluded, and a new control year obtained using the approach described above.
The geography and climate in the Nordic countries are varied. In some regions with coastal climate, the precipitation is high, as in Bergen where the mean weekly precipitation was 43.4 mm in the study period. In other regions with continental climate, the precipitation is low, such as Alta which had a mean weekly rainfall of only 8.3 mm. In this situation, using a common threshold for defining extreme precipitation may lead to biased results.
We therefore used the method of defining exceedance precipitation according to local weather conditions to assess the association between heavy precipitation and WBOs.
To complement the analyses, we performed parallel analyses using cumulative weekly precipitation. These additional results are presented in the Supplementary material.
For both types of analyses, we used a common approach. As a main analysis, the strata with known outbreak onset dates were tested for association with heavy rainfall in three weekly time periods prior to the onset date (1-7 days, 8-14 days, 15-21 days). In a secondary analysis, the full dataset, in which outbreaks where only information about the month of occurrence was available were also included, were studied for association with heavy rainfall in a four-weekly time period (1-28 days) prior to the outbreak.
In the exceedance precipitation analysis of outbreaks with known dates, exceedance events were calculated for each WBO using a local reference (municipality and time of year). The local reference was generated from daily precipitation data separately in the three calendar weeks preceding the outbreak, covering all years in the study period. An exceedance day was defined by daily precipitation exceeding the 95 percentile of this local reference value. The number of exceedance days was determined for the outbreak year and the four previous control years.
Due to nonlinearity of the data, we grouped the number of exceedance days into three categories (0 days, 1 day, and 2þ days). For the analyses of the full dataset, we determined the local references from daily precipitation data in the 4-week period prior to the outbreak. The number of exceedance days was calculated as described above and grouped (0 days, 1 day, 2-3 days, 4þ days). A two-sided value of p < 0.05 was used to indicate statistical significance.
In the cumulative precipitation analysis of outbreaks with known onset dates, weekly cumulative precipitation was categorized into three groups (0 to <10 mm, 10 to 20 mm, >20 mm) to account for nonlinearity. The 10-20 mm category was used as the reference category in all analyses, in accordance with that, the mean weekly precipitation was 15.3 mm (median 12.5 mm) among all included municipalities. In the analyses of the full dataset, cumulative precipitation was categorized into three groups (0-40 mm, >40 to 80 mm, >80 mm).
The 40-80 mm category was used as the reference category. A two-sided value of p < 0.05 was used to indicate statistical significance.
The analyses described above were repeated in stratified analyses by water source, type of water supply and season dichotomized into spring-summer and autumnwinter.
All statistical analyses were performed using R version 2.15.2.
RESULTS

Descriptive analyses
A total of 220 WBOs were notified between 1 January 1992 and 31 December 2012 in Norway, Sweden, Finland, and Denmark, of which, 186 had information available about municipality and onset month and were included in the analyses (Figure 1 ).
In 63% (117/186) of the outbreaks, a municipal or private water work supply was involved, while 31% (58/186) were linked to single household water supplies. In the majority of outbreaks (69% or 128/186), groundwater was the water source involved and in 24% (45/186) of the outbreaks the source was surface water. In total, 65% (120/ 186) of the outbreaks occurred during the spring and summer months.
Analysis of WBOs with known onset dates
Roughly half (47%, 89/186) of the notified outbreaks had known onset dates. Table 1 presents the results of the exceedance precipitation analysis. The calculated daily exceedance precipitation ranged from 3 mm to 21 mm with a mean of 10 mm. A significant association between WBO and occurrence of two or more days of exceedance precipitation during the previous week (1-7 days) was found (OR ¼ 3.06; 95% CI 1.38-6.78). When stratified by water source, two or more days with exceedance precipitation during the previous week was found to be associated with WBOs where a groundwater source was involved (OR ¼ 3.13; 95% CI 1.20-8.17). Outbreaks involving municipality or private waterworks supply showed no association with extreme precipitation events (OR ¼ 2.31; 95% CI 0.87-6.14), while outbreaks with single household water supply displayed a significant association in the category 2 days or more exceedance-days (OR ¼ 8.64; 95% CI 1.58-47.11). Furthermore, heavy precipitation was associated with outbreaks occurring during the spring and summer for 2 days or more exceedance-days (OR ¼ 4.27; 95% CI 1.61-11.35). Table 2 shows the result of the exceedance precipitation analysis of the full dataset using a 4-weekly average. The daily exceedance precipitation ranged from 3 mm to 33 mm with a mean of 11 mm. The results corroborated the findings from the analysis of WBOs with known dates for the week preceding the outbreak. Exceedance precipitation for 2-3 days was positively associated with WBOs occurring during spring and summer (OR ¼ 2.03; 95% CI 1.22-3.38). Outbreaks where groundwater supplies were involved were associated with heavy precipitation in all exceedance precipitation categories: 1 day (OR ¼ 2.12; 95% CI 1.29-3.50), 2-3 days (OR ¼ 1.81; 95% CI 1.08-3.04), and 4þ days (OR ¼ 2.30; 95% CI 1.03-5.11). Finally, outbreaks where single household water supplies were associated with 4þ days with exceedance precipitation (OR ¼ 2.80; 95% CI 1.00-7.83).
Analysis of WBO with known onset month
Cumulative precipitation analyses
No association was found between WBOs and weekly cumulative precipitation during the previous 3 weeks in the analysis of outbreaks with known onset dates (Table S1 , available with the online version of this paper), or with 4-weekly cumulative precipitation in the analysis of outbreaks with known onset month (Table S2, available with the online version of this paper).
DISCUSSION
The current study, which includes WBOs notified over a 21-
year period to the national surveillance systems in Denmark, Finland, Norway, and Sweden, supports that there is a positive association between heavy precipitation during the preceding week and the occurrence of a WBO, and in particular during spring and summer, for groundwater water sources and for single household supplies. The association was observed when analyzing exceedance precipitation using the local weather data in each municipality as a reference. Conversely, our analyses did not reveal any association between WBOs and cumulative weekly precipitation during the foregoing weeks when compared to the average weekly precipitation of 10-20 mm in the region.
One notable finding was that precipitation exceedance events influenced the occurrence of outbreaks involving single household supplies while outbreaks involving waterworks showed no association with days of precipitation exceedance. Furthermore, stratification by water source suggests that exceedance events were associated with outbreaks involving groundwater. This association is unexpected because groundwater is more protected compared to surface water. However, it is possible that this finding could be due to the strong underlying association between outbreaks involving single household supplies and heavy precipitation, as the majority of single households had groundwater supply and probably seldom any treatment of the source water. Outbreaks caused by water provided through waterworks do occur, but our results do not find a significant correlation with heavy precipitation events. A more detailed analytical approach to investigate outbreaks linked to waterworks, taking into account variables such as size of the waterworks and distribution systems, should be performed to understand this relationship. We found a significant association between precipitation exceedance and occurrence of outbreaks during the spring and summer. The absence of significance in the autumn and winter could be related to the fact that heavy precipitation in the early and late part of the year in the Nordic region is often in the form of snow, which would not affect runoff before snowmelt. It could also reflect that a number of outbreaks happening in the summer are related to single household supplies. In the Nordic countries, it is common for people to spend long periods of time during the summer at cabins at mountains or lakes, where they normally extract water from small private local wells that are not always well maintained.
Projections of the climate in the Nordic regions suggest increasing temperature, which in turn will lead to increased water runoff due to snowmelt. In addition, rainfall patterns are expected to shift towards more frequent or more intense extreme precipitation, particularly during the warmer The use of exceedance precipitation has the advantage of accounting for the climatic variability between different regions instead of using a common threshold. In addition, the use of exceedance is designed to capture more extreme precipitation events compared to cumulative weekly rain.
In our analyses using the 95th percentile, the daily exceedance for some municipalities was above 20 mm and higher than the cumulative weekly level in the reference category of 10 to 20 mm. It is important to recognize that the Several limitations have to be acknowledged in this study.
In particular, the notified WBOs likely represent just the tip of the iceberg of the true disease burden, since many patients with uncomplicated gastroenteritis do not seek medical attention, and therefore health authorities would not become aware of possible outbreaks. This is especially relevant for the colder months when viruses that lead to gastrointestinal illness are common, which may result in WBOs going unnoticed.
WBOs related to large waterworks are more likely to be recognized than those that involve a single household water supply or those that occur due to distribution network failures as these would affect a smaller proportion of the population. Our data may be subject to detection bias as geographical differences in reported WBOs might reflect differences in reporting routines rather than a higher risk in specific regions. Also, less than half of the notified outbreaks analyzed in this study had known onset dates and could be used in analyses on short-term precipitation exposure. The absence of significance, or large CIs in some of our analyses could be an artifact due to lack of power, as a result of small sample sizes.
Another potential limitation that has to be taken into account is that heavy precipitation events tend to be localized. Since municipality was the geographical unit of analysis for this study, it is possible that in some cases the precipitation measurement that we have used might not have reflected the real precipitation occurring in the specific location of the outbreak. Also, extreme rainfall and runoff have been suggested to implicate the increase of endemic 
CONCLUSION
Our results suggest an association between WBOs and heavy precipitation in the Nordic countries. The results highlight single household supplies as particularly vulnerable to extreme weather events. This is important information that should be communicated to homeowners in order to make them aware of the importance of correct maintenance of their wells. Public health authorities should also be encouraged to develop better regulations and strategies to reduce the risk of waterborne illness.
